The photoswitching of optical and electrochemical properties of di-donor, di-acceptor and donor-acceptor substituted photochromic tetrahydropyrene -[2,2]metacyclophanene and dihydropyrene -[2,2]metacyclophanediene systems has been studied theoretically. A switching of the halfwave oxidation and reduction potentials should be possible in the case of bis(pyridinium) and bis(hydroxyphenyl) substituted systems. Because of the relatively great perturbation of the planarity of the π-electron systems by large torsion of the substituents out of the π-electron structure of the photochromic system and the stair-like structure of the ring-opened isomer, relatively large excitation energies for CT transitions have been calculated with the AM1-CI procedure. The ring-closed structures should absorb in the visible spectral region, and the open-ring isomers should have a longestwavelength absorption in the UV region.
Introduction
Photochromic diarylethenes, especially derivatives of dithienylethenes, have been used as photosensitive compounds for switching of different physical properties. These systems are potential candidates for active materials in photoswitching devices [1 -3] . The reversible photochemically induced valence tautomerism was also realized with more rigid compounds, the 4,5,15,16-tetrahydropyrene- [2, 2] metacyclophan-1-ene system [4] , and the 15,16-dihydropyrene - [2, 2] metacyclophanediene photochromic system [5 -9] (see Scheme 1) . The π-electron systems of the 4,5,15,16-tetrahydropyrene - [2, 2] metacyclophan-1-ene photochromic system correspond to the π-systems of the 4a,4b-dihydrophenanthrene-cis-stilbene photochromic system. The [2, 2] metacyclophan-1-enes contain rigidly constrained cis-stilbene moeities [4] .
Contrary to most of diarylethenes, the ring-closed dihydropyrene isomer is the thermodynamically more stable photoisomer than the ring-opened isomer [6] . The ring closure of the [2, 2] metacyclophanediene phototautomeric structure can be carried out either pho-0932-0776 / 05 / 0100-0075 $ 06.00 c 2005 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com tochemically or in a thermal reaction. Benzannelation [8] and acceptor substituents (R 1 , see Scheme 1) and donor substituents (R 2 , Scheme 1) in the para-like positions increase the reaction rate of both the thermal reaction and the photochemical reaction [6] . The photochemical ring-opening passes over an excited singlet state [6] . In the case of dithienylethenes with pyridinium cation substituents at both thiophene rings a very high cyclization quantum yield has been measured [10] .
In a recent paper [11] we have investigated the photoswitching of dipole moment, absorption spectra, and the redox potentials of donor-acceptor substituted dihydropyrene -[2,2]metacyclophanediene photochromic systems with [2, 2] metacyclophanediene betaine and merocyanine structure, respectively. The strong switching effect is to due the [2,2]metacyclophanediene fragment which acts as a π-electron conjugation barrier.
The aim of this paper is to investigate theoretically the possibility to switch photochemically the oxidation/reduction potentials and the absorption spectra in the UV and visible spectral region of di-substituted 
Objects of Investigations
The (model) compounds investigated in this paper are 2,7-disubstituted photochromic 4,5,15,16(dimethyl)-tetrahydropyrene ⇔ [2,2]metacyclophan-1-ene systems and (trans-15,16-dimethyl)dihydropyrene ⇔ [2,2]metacyclophanediene systems, respectively (Scheme 1). Different substituent patterns have been selected to switch the electrochemical and optical properties. In the first group of compounds (see Figs 1 and 2) the substituents R 1 and R 2 (Scheme 1) are both either electron donors or electron acceptors. In photochromic system 1(2)red(c) -1(2)red(o) the substituents are phenolic groups which can be oxidized to quinonoid residues only in the closed-ring isomer (Fig. 1) . In structures 3 and 4 the 1-pyridinium substituents are connected with the photochromic system, and in structures 5 and 6 the pyridinium groups are linked at the 4-positions to the photochromic system (Fig. 2) . In the closed-ring isomers, 5(6)ox(c), the 4-pyridinium substituents could be reduced to dihydropyridine groups. In the reduced forms, 5(6)red, the photochromic ring-opening reaction should be blocked up.
In (model) systems 7 -14 the substituents R 1 and R 2 are of different type (Figs 3 and 4) . Two types of conjugated π-electron systems can be considered. If the nitrogen atoms are separated by an even number of carbon atoms of the closed-ring isomer, then the conjugated π-electron system has an electron donoracceptor substituted polyene-like structure (7(c), 8(c), Fig. 3 ). When the N atoms are separated by an odd number of carbon atom (9(c) to 14(c), Fig. 4 ) then the conjugated π-electron system is a polymethine (asymmetrical cyanine) system. The photoswitching of optical and electrochemical properties of disubstituted 1,2-bis(thien-3'-yl)perfluoropentene photochromic systems with either both electron donor (acceptor) substituents or a donor and an acceptor substituent has been investigated experimentally by J.-M. Lehn et al. [12, 13] and by H. Port et al. [14] . F. D. Lewis et al. [15] have measured the change of the optical properties of push-pull substituted stilbene/4a,4b-dihydrophenanthrene photochromic systems.
Methods of Investigations
Geometry optimization and calculation of the heats of formation (AM1) and total energies (ab initio) of the di-substituted valence tautomers C (closedring isomer) and O (open-ring isomer), Figures 1 -4 , have been performed with the semiempirical quantumchemical AM1 method [16, 17] and with the ab initio method (basis set 6-31G * ) [17] . S 0 → S n excitation energies and transition dipole moments are cal- culated within the singly-excited configuration interaction (SCI) approach for the AM1 Hamiltonian [18] .
Results and Discussion
Bisacceptor, bisdonor and donor-acceptor substituted dithienylethenes have been investigated as models of light-triggered molecular devices [12, 13] to use the photochromic and electrochromic properties for switching the optical and electrochemical properties and the nonlinear optical activity. Donor-acceptor substituted dithienylethenes have been used to switch the absorption spectra in the UV/vis region, the fluorescence and the redox properties caused by the intramolecular photoinduced charge sepatation [14] . In this paper we have investigated theoretically photochromic model compounds with similar substituent patterns (bisdonor, bisacceptor, donor-acceptor) but different photochromic switching moieties to study the change of the redox properties and the absorption spectra in the UV/vis (and may be NIR) spectral region.
Geometry of the compounds
While the conjugated π-electron system of the ringclosed photochromic tetrahydropyrene and dihydropyrene fragments are more or less planar, the ring-opened substituents in the para-like positions of the systems 3 and 4. There is no significant difference in the dihedral angles of the ring-opened isomer and the corresponding ring-closed isomer. The significant deviations from planarity (relatively large dihedral angles, stair-like structure of the ring-opened structure) prevent an optimal delocalization of the conjugated π-electron system of the push-pull polyene structure and the polymethine structure, respectively. Therefore, in contrast with completely planar push-pull polyenes and polymethines, absorption in the NIR spectral region cannot be expected.
Energetic properties of the photoisomers
In Table 1 are summarized the heats of formation, ∆ H f , and the total energies, ∆ E, of the optimized 
Electrochemical properties
The energies of the highest occupied MOs (ε(HOMO)) and the lowest unoccupied MOs (ε(LUMO)) calculated with the semiempirical all valence electron method AM1 and with the ab initio method for the optimized structures of the photosensitive isomers 1 -6 are collected in Table 2 . In Fig. 5 are shown the energies of the frontier orbitals, HOMO and LUMO, to demonstrate the changes of these energies for the reduction process of the ring-closed photoisomers 1(2)ox to 1(2)red(c), and for the oxidation of 5(6)red to 5(6)ox(c), respectively. In the case of the quinonoid structures 1(2)ox the ring-opening reaction is possible only when these structures are reduced to the phenolic structures 1(2)red(c). On the other hand, a direct photochemical or thermal ring-opening of the structures 5(6)red is impossible, but after (may Fig. 5 . Energies of the frontier orbitals, ε(HOMO) and ε(LUMO), calculated by the ab initio method (6-31G * basis set).
be two successive one-electron) oxidation steps to the viologen-like ring-closed forms 5(6)ox(c) the ring-opening should be possible.
Especially the HOMO energies are changed at the photochromic reaction of systems 1 to 6. Because of the lower lying HOMOs of the ring-opened forms the corresponding oxidation half-wave potential should be lower in value in comparison with those of the ringclosed forms. As can be seen from Fig. 5 the LUMO energies of the ring-closed and ring-opened photoisomers are of the same order of magnitude, and a switching of the reduction half-wave potentials should be less effective.
In the case of the ring-closed and ring-opened isomers of the photochromic systems 7 -14 the energies of the frontier orbitals are comparable, and no switching of the redox properties should be effective.
Switching of the light absorption properties
In Tables 3 -5 are summarized the absorption characteristics of the photochromic systems investigated in this paper. Generally, the closed-ring isomers should have a longest-wavelength absorption in the visible region, and the ring-opened isomers should have a longest-wavelength absorption in the UV spectral region. There are no significant differences in the excitation energies and the intensities of the tetrahydropyrene ⇔ [2, 2] metacyclophanene and the dihydropyrene ⇔ [2,2]metacyclophanediene photoresponsive system, respectively.
In Table 3 are collected the data of the photochromic redox systems 1 -6. It is surprising that the quinonoid structures 1ox and 2ox have a relatively short-wavelangth absorption at the short-wavelength visible region. The reduced phenolic closed-ring isomers should have an absorption in the visible region caused by a local excitation in the whole π-system, and the ring-opened isomers absorb in the UV region with low intensity caused also by a local electron excitation.
The ring-closed isomers as well as the ringopened isomers of the bis(1-pyridinium)-substituted photochromic systems 3 and 4 are characterized by a longest-wavelength charge-transfer (CT) transition in the visible spectral region. The CT excitation energies of the ring-closed isomers of the oxidized forms of the 4-pyridinium disubstituted photochromic systems 5 and 6 are relatively small corresponding to an absorption in the visible region, while the ring-opened isomers absorb in the ultraviolet region.
Similar features of the CT excitation with relatively large excitation energies are characteristic for Table 3 . Vertical S 0 → S n transition energies ∆ E (in eV and nm), transition dipole moments, M, and oscillator strengths f for the substituted photochromic systems 1 -6 in the ringclosed (c) and ring-opened (o) forms. Table 4 . Vertical S 0 → S n transition energies, ∆ E (in eV and nm), transition dipole moments M, and oscillator strengths f for the substituted photochromic systems 7 and 8 in the ringclosed (c)and ring-open (o) forms. the donor-acceptor disubstituted photochromic systems which can be considered as push-pull polyenes 7 and 8 (see Table 4 ). The relatively great perturbation of the planarity of the π-electron system by large torsion angles of the donor and acceptor substituents and additionally by the stair-like structure of the ringopened structure may be the reason for the relatively large excitation energies and the small intensities.
The spectral characteristics (Table 5) , structural parameters, and electronic structure of the systems 9 - Table 5 . Vertical S 0 → S n transition energies ∆ E (in eV and nm), transition dipole moments M, and oscillator strengths f for the substituted photochromic systems 9 -14 in the closed-ring (c) and open-ring (o) forms. 14 are not in agreement with a polymethine (cyanine) structure (maximum equilization of the bond lengths, charge alternation along the polymethine chain) [19] as it was described in Section 2. One reason may be also for these systems the relatively strong perturbation of the planarity of the π-electron system. Because of the relatively large twisting of the photochromic system from the substituents the local excitations (typically for a polymethine π-system) require relatively large energies, and therefore CT excitations are dominant. So, a switching of an absorption in the visible region to an absorption in the UV region should be realized.
Conclusions
Based on quantum-chemical ab initio (basis set 6-31G * ), AM1 and AM1-CI calculations of the isomeric forms of 2,7-disubstituted photochromic tetrahydropyrene - [2, 2] metacyclophanene and dihydropyrene - [2, 2] metacyclophanediene systems the photoswitching of the following physical properties have been discussed:
(i) In the case of bis(4-hydroxyphenyl), bis(1-pyridinium) and bis(4-pyridinium) substituted photochromic systems, the switching of the oxidation and reduction half-wave potentials should be possible. The calculated HOMO and LUMO energies show that both the oxidation and the reduction should be more difficult for the ring-opened isomer in relation to the ringclosed form.
(ii) With all the systems investigated in this paper a photoswitching of the absorption spectra from a longest-wavelength absorption in the visible region of the ring-closed to a longest-wavelength band in the UV region of the ring-opened isomer should be possible.
(iii) The ring-opened photoisomer of the 2,7-disubstituted tetrahydropyrene -[2,2]metacyclo-phanene photochromic systems is more stable than the ringclosed isomer, while the opposite is valid for the substituted dihydropyrene -[2,2]metacyclophanediene photochromic systems.
